A previously established micromechanical model whose capability to analyze and predict the behavior of thermoinelastic fibrous composites with one-way thermomechanical coupling, in which the temperature is prescribed in advance, was verified. This model is extended herein to incorporate two-way thermomechanical coupling effects in thermoinelastic composites. As a result of this generalization, the temperature which is coupled to the mechanical effects, is governed by the energy equation and is induced into the composite's constituents as a result of the application of mechanical loadings. The model is applied to predict the behavior of composites that consist of shape memory alloy fibers embedded in metallic and polymeric matrices. Results exhibit the response of the composites to various types of loading, and the effect of the two-way thermomechanical coupling that induces temperature deviations from reference temperatures at which shape memory and pseudoelasticity effects take place at the fibers.
Introduction
Shape memory alloy (SMA) materials undergo phase transformation which is caused by the application of stress and/or change in temperature. At high temperatures, the material behavior is nonlinear and hysteretic, but, at the end of a mechanical loading-unloading cycle, still yields the original stress-strainfree state (pseudoelastic behavior). At lower temperatures, a mechanical loading-unloading results in a residual deformation which can be recovered by a temperature increase (shape memory effect). The latter effect can be utilized to control the behavior of structures in which SMA materials have been embedded.
There are numerous micromechanical models that can predict the overall (macroscopic) behavior of composite materials with embedded shape memory alloy fibers. Examples for such micromechanical investigations are those of Boyd and Lagoudas [1994] , Kawai et al. [1999] , Carvelli and Taliercio [1999] , Song et al. [1999] , Kawai [2000] , Gilat and Aboudi [2004] and Marfia [2005] . When thermal effects in these investigations are involved, they are treated as in thermal stress problems where a prescribed constant temperature is imposed throughout the composite. The thermomechanical coupling (TMC) in such thermoelastic problems is referred to as one-way coupling because only the mechanical field is affected by the temperature. A micro-macro-structural analysis with one-way TMC was recently employed by Gilat and Aboudi [2006] to investigate the thermal buckling of shape memory reinforced laminated plates.
In thermomechanical problems with two-way TMC, the temperature and mechanical effects are coupled to each other and the energy equation that governs the temperature field variation in the material involves the effect of total strain rate, the effect of inelastic strain rate in metallic materials and the effect Keywords: shape memory alloys, periodic composites, thermomechanical coupling, micromechanics, high-fidelity generalized method of cells.
of transformation strain rate in SMA materials. In order to investigate the behavior of the monolithic SMA material with two-way TMC, appropriate constitutive relations and the energy equation need to be established. To this end, Auricchio and Petrini [2004b] presented a free-energy function from which the required two-way TMC constitutive and energy equations were derived. The implementation of these equations requires the development of a computational algorithm based on an implicit time procedure, in conjunction with the radial return method [Simo and Hughes 1998 ].
The purpose of the present paper is two-fold. First, a micromechanical model, referred to as a highfidelity generalized method of cells (HFGMC) is generalized to incorporate two-way TMC capability. The HFGMC with one-way coupling can predict the behavior of multiphase inelastic composites with periodic microstructure by employing the homogenization technique. Its accuracy and reliability were demonstrated [Aboudi et al. 2002; 2003] by comparisons with analytical solutions that can be established in certain cases and with finite element solutions. The method has been employed also for the prediction of the behavior of viscoelastic-viscoplastic composites [Aboudi 2005 ], electro-magneto-thermoelastic composites, and composites that are subjected to large deformations, see the recent review by (that includes also references to its predecessor GMC micromechanical model). It should be noted that the HFGMC with one-way TMC has been implemented in the recently developed micromechanics analysis code MAC/GMC by NASA Glenn Research Center, which has many user friendly features and significant flexibility; see [Bednarcyk and Arnold 2002] for the most recent version of its user guides. The predecessor GMC micromechanical model was employed by Williams and Aboudi [1999] to investigate two-way TMC of metal matrix composites.
As a result of the generalization offered by the HFGMC to incorporate the two-way TMC, macroscopic constitutive equations that govern the thermomechanical behavior of the composite are established. These relations are based on the micromechanical derivation of the effective stiffness tensor of the composite as well as the mechanical, thermal and inelastic concentration tensors and scalars. These concentration tensors and scalars are established by the homogenization of the periodic composite, in conjunction with the imposition of the coupled equilibrium and energy equations, and by imposing the continuity of tractions, displacements, heat fluxes and temperatures at the interfaces between the various materials, and by the application of the periodic boundary conditions. The latter conditions ensure that the tractions, displacements, heat fluxes and temperatures are identical at the opposite boundaries of a repeating unit cell that characterizes the periodic composite. These three types of concentration tensors are interrelated due to the TMC effects. In particular, the effective stiffness tensor of the composite involves the mechanical and thermal concentration tensors.
The second purpose of this paper is the investigation of the overall (macroscopic) behavior of composites consisting of continuous SMA fibers embedded in metallic and polymeric matrices with two-way TMC effects. In particular, the induced average temperatures that result from the two-way TMC are computed and presented under various circumstances. To this end, the constitutive two-way modeling of the SMA fibers of Auricchio and Petrini [2004b] is employed.
Results are given for SMA continuous fiber composites with a metallic (aluminum) matrix and polymeric (epoxy) matrix. It is shown that the TMC has little effect on the average stress-strain of the composite, but has a significant effect on the induced temperature that is generated due to the application of mechanical loadings. This effect is due mainly to the term that appears in the coupled energy equation that involves the inelastic strain rate in metallic materials, and to a lesser extent, to the transformation strain rate in the SMA fibers. These results are given at two reference temperatures at which shape memory and pseudoelasticity effects in the SMA fibers take place.
Two-way TMC constitutive equations of the monolithic SMA
The fully coupled thermomechanical equations of the monolithic SMA material were presented by Auricchio and Petrini [2002; 2004b; 2004a] , who extended and improved the thermodynamical model of Souza et al. [1998] . These equations are briefly presented below. The strain is decoupled into a dilatation θ and deviatoric e parts as follows:
where I is the unit tensor. The free energy function ψ is a function of the dilatation strain θ , the deviatoric strain e, the transformation strain e tr and absolute temperature T , given by
where ρ, K , G, α, T 0 , β, M f , h, and ρc v are the mass density, bulk modulus, shear modulus, coefficient of thermal expansion, reference temperature, slope of the stress-temperature relation, martensite final temperature, slope of the stress-strain relation during the stress-induced phase transformation and the heat capacity, respectively. In addition, u 0 and η 0 are the internal energy and entropy at the reference state. In Equation (2), ||.|| and < . > denote the Euclidean norm and the positive part of the argument respectively, and ϒ(e tr ) is an indicator function defined as
where L is the norm of the maximum transformation strain reached at the end of the transformation during uniaxial test. The resulting constitutive relations obtained from Equation (2) are given by
∂ϒ(e tr ) ∂||e tr || ∂||e tr || ∂e tr , where p and s are the volumetric and deviatoric parts of the stress σ , η is the entropy and X is the transformation stress associated with e tr .
The evolution law of e tr isė
where the dot denotes a derivative with respect to time t, and F andξ play the roles of limit function and plastic consistent parameter, subject to the Kuhn-Tucker conditions. For symmetric SMA behavior, the function F is given by
where R is the radius of the elastic domain. The resulting coupled energy equation is given by
in conjunction with the Fourier law that relates the heat flux q to the temperature gradient:
with k being the heat conductivity.
The above nonlinear equations have been treated by Auricchio and Petrini [2002; 2004b; 2004a ] who employed for their solution a computational algorithm based on an implicit time procedure. This algorithm consists of integrating these equations over a time interval [t n , t n+1 ] using an implicit backward Euler scheme. Thus, assuming the knowledge of the solution at time t n , as well as the strain at time t n+1 , the stresses are computed using the radial return mapping algorithm [Simo and Hughes 1998 ].
It should be noted that in the case of standard isotropic materials (for example, metallic materials) the energy equation is of a form similar to Equation (5) [Allen 1991 ], but with the term X + Tβ e tr ||e tr || :ė tr replaced by the rate of inelastic work:Ẇ I = σ :˙ I , where I is the inelastic strain which replaces the transformation strain tr of the SMA material. In addition,Ẇ I is usually multiplied by a partition factor ζ to indicate that only a portion of the inelastic work (about 90%) is transformed into heat [Hunter 1983 ]. Thus, the final form of the energy equation for conventional isotropic materials is given by
As it is shown in the following section, the spatial derivatives can be eliminated. As a result, Equations (5) and (7) are reduced to an ordinary differential equation in time. Consequently, let us represent (5) and (7) in the following compact form
where [Q] denotes the right side of Equations (5) and (7). The implicit difference in time of Equation (8) yields [Mitchell and Griffiths 1980 ]
Repeating Unit Cell (RUC) where t = t n+1 − t n and ω is a parameter (for the Crank-Nicolson scheme: ω = 1/2).
Two-way TMC micromechanical analysis
The HFGMC micromechanical model, which is extended herein to a two-way TMC, is used to predict the fully coupled thermoinelastic behavior of doubly periodic composites with SMA continuous fibers. For doubly periodic elastoplastic composites with one-way TMC, this theory has been fully described by [Aboudi et al. 2002; 2003] and by [Bednarcyk et al. 2004 ] for elastoplastic composites with imperfect bonding between the constituents. In these publications, the reliability and accuracy of the micromechanical predictions were examined by comparisons with analytical solutions that can be established in some special cases and with a finite element procedure. In this paper, this micromechanical model with two-way TMC is briefly outlined. This model is based on a homogenization technique for composites with periodic microstructure as shown in Figure 1 (a) in terms of the global coordinates (x 2 , x 3 ). The repeating unit cell, Figure 1 (b), defined with respect to local coordinates (y 2 , y 3 ), of such a composite is divided into N β and N γ subcells in the y 2 and y 3 directions. Each subcell is labeled by the indices (βγ ) with β = 1, ..., N β and γ = 1, ..., N γ , and may contain a distinct homogeneous material. The dimensions of subcell (βγ ) in the y 2 and y 3 directions are denoted by h β and l γ . A local coordinate system (ȳ
3 ) is introduced in each subcell whose origin is located at its center, see Figure 1 (c).
The local (subcell) constitutive equation of the material which, in general, is assumed to be thermoinelastic is given by σ
where σ (βγ ) , (βγ ) , I (βγ ) and (βγ ) are the stress, total strain, inelastic strain and thermal stress coefficients tensors in subcell (βγ ). In Equation (10), C (βγ ) is the stiffness tensor of the material in the subcell (βγ ), and T (βγ ) denotes the temperature deviation from a reference temperature. The inelastic strain I (βγ ) is governed by the flow rule (3) for SMA materials, by the Prandtl-Reuss equations of the classical plasticity or by an appropriate viscoplastic flow rule. The basic assumption in HFGMC with one-way TMC is that the displacement vector u (βγ ) in each subcell is expanded into quadratic forms in terms of its local coordinates (ȳ
where¯ is the externally applied average strain, W
(00) is the volume-averaged displacement, and the higher-order terms W (βγ ) (mn) must be determined as discussed below. In the two-way thermomechanically coupled HFGMC, the unknown temperature deviation T (βγ ) in the subcell is also expanded as follows
where T (βγ ) (00) is the volume-averaged temperature and the higher-order terms T (βγ ) (mn) are additional unknowns.
The unknown terms W (βγ ) (mn) and T (βγ ) (mn) are determined from the fulfillment of the coupled equilibrium and energy equations, the periodic boundary conditions, and the interfacial continuity conditions of displacements, tractions, temperatures and heat fluxes between subcells. The periodic boundary conditions ensure that the displacements, tractions, temperatures and heat fluxes at opposite surfaces of the repeating unit cell (that is, at y 2 = 0 and H as well as y 3 = 0 and L) are identical, see for more details pertaining to the micromechanical analysis with one-way TMC. A requisite in the present micromechanical analysis is that all these conditions are imposed in the average (integral) sense. As a result of the imposition of these conditions, a linear system of algebraic equations at the current time step is obtained which can be represented in the following form
where the matrix K contains information on the geometry and thermomechanical properties of the materials within the individual subcells (βγ ), and the displacement-temperature vector U contains the unknown displacement and temperature coefficients:
where in subcell (βγ ) these coefficients, which appear on the right side of Equations (11)- (12), are
The mechanical vector f contains information on the applied average (far-field) strains¯ . The inelastic force vector g appearing on the right side of Equation (13) contains the inelastic effects given in terms of the integrals of the inelastic strain distributions. These integrals depend implicitly on the elements of the displacement-temperature coefficient vector U, requiring an incremental procedure of Equation (13) at each point along the loading path, see [Aboudi et al. 2003 ] for more details. Due to the dependence of the elements of K on the temperature, it is necessary to invert this matrix at every time step. The solution of Equation (13) at a given time step yields the following localization expression which relates the average strain¯ (βγ ) and temperature T (βγ ) in the subcell (βγ ) to the externally applied average strain¯ in the form:
where A M(βγ ) and A T (βγ ) are the mechanical and thermal concentration tensors of the subcell (βγ ), V T (βγ ) and V I (βγ ) are second-order tensors that involve thermal and inelastic effects in the subcell, and v T (βγ ) and v I (βγ ) are the corresponding scalars. These second-order thermal and inelastic tensors and the corresponding scalars arise due to the existence of [Q] n−1 in Equation (9) at the previous time step. It should be noted that in the present case of two-way TMC, the application of the far-field strain¯ induces a temperature deviation from the reference temperature T (βγ ) in the subcell. In order to establish the global (macroscopic) constitutive equation of the composite, we use the definition of the average stress in the composite in terms of average stress in the subcells:
whereσ (βγ ) is the average stress in the subcell. By substituting Equation (10) and (16) composite, which relates the average stressσ , strain¯ , thermal stressσ T and inelastic stressσ I as follows
In this equation C * is the effective stiffness tensor which is given by
The global thermal stressσ T is determined from
The global inelastic stressσ I is of the form
where the inelastic stress in the subcell is:σ
= C (βγ )¯ I (βγ ) . Finally, the global average temperature T in the composite can be determined from a simple averaging of all temperature deviations T (βγ ) in the subcells.
Applications
The established two-way TMC micromechanics is applied herein to predict the behavior of SMA composites in various circumstances. Two types of matrices are chosen to illustrate the responses of the
72.4 0.33 22.5 371.5 23 116.7 2.25 Table 2 . Elastic, plastic and thermal parameters of the isotropic elastoplastic aluminum matrix. E, ν, α, σ y , E s , k and ρc v denote the Young's modulus, Poisson's ratio, coefficient of thermal expansion, yield stress, secondary modulus, thermal conduction and heat capacity, respectively.
3.45 0.35 54 0.18 1.28 Table 3 . Elastic and thermal parameters of the isotropic epoxy polymeric matrix. E, ν, α, k and ρc v denote the Young's modulus, Poisson's ratio, coefficient of thermal expansion, thermal conduction and heat capacity, respectively.
composites. In the first case an aluminum alloy is chosen as a matrix. In this case the inelasticity of the metallic matrix and its two-way TMC are involved (see Equation (7)) in addition to the two-way TMC of the SMA fibers (see Equation (5)). In the second type, a polymeric matrix (epoxy) is chosen. Here, the TMC arises due to the existence of the volumetric strain rateθ in Equation (7) only (sinceẆ I = 0). The material properties of the SMA fibers and the aluminum and epoxy matrices are given in Tables  1-3 . The present results were obtained by dividing the repeating unit cell, Figure 1( b) , into N β = 3 and N γ = 3 subcells with the SMA fiber occupying the central subcell. In all cases the volume fraction of the SMA fibers is 0.3.
4.1.
Monolithic SMA behavior. The uniaxial stress-strain behavior of the monolithic SMA fibers is shown in Figures 2 and 3 at reference temperatures T 0 = 253.15 K and T 0 = 285.15 K. At the first temperature the material is stable in the martensitic phase and the shape memory effect takes place: the mechanical loading-unloading results in a residual deformation which can be recovered by a temperature increase. At the second temperature the material is stable in the austenitic phase and the pseudoelasticity effect takes place: the material behavior is nonlinear and hysteretic but yields the original stress-strainfree state at the end of the mechanical loading-unloading. The figures show also the induced temperature deviations due to the TMC. These temperatures are caused mainly by the existence of the term X + Tβ e tr e tr :ė tr in the energy Equation (5) which is the counterpart of the rate of the inelastic workẆ I in Equation (7). Indeed, the standard thermomechanical coupling coefficient that characterizes the amount of coupling in thermoelastic material (that is, the coupling that is caused by the term 3 T Kαθ in Equation (5)) is equal to 0.2 × 10 −4 for the considered SMA material, which is very small. The rate effects in the present SMA material are negligibly small. Figures 2(c) and 3(c) (which coincide with those given by Auricchio and Petrini [2002] ) show the SMA response at these reference temperatures when the TMC is neglected. It is well observed that the effect of TMC on the SMA behavior is significant. This is reflected in the change of the stress-strain slope when the phase transformation takes place due to the induced temperature changes. Figures 2(b) and 3(b) show that there is a residual increase in the temperature (about 1 K) upon a complete uniaxial stress loading-unloading cycle of the homogeneous SMA material (where neither convection nor adiabatic conditions exist). It should be noted that the effect of the TMC on the response of the SMA that is depicted in Figure 2 (a) and 3(a), as compared to Figure 2 (c) and 3(c), results from the induced temperatures that affect the phase transformation and not by the generated thermal strains. For the reference temperature T 0 = 285.15 K, for example, the transformation strain at = 3% is equal to 0.023 whereas the corresponding thermal strain is 0.12 × 10 −4 . Let us investigate the behavior of the SMA material that is subjected to a uniaxial stress cyclic loading. To this end, the SMA fiber at reference temperatures T 0 = 253.15 K and 285.15 K is subjected to five cycles of strain loading-unloading, and the resulting stress response and induced temperature are shown in Figure 2 (d, e) and Figure 3(d, e) . The stress shows a repetitive behavior but the continuously rising heat generation can be clearly observed.
4.2. SMA/aluminum composite. In order to investigate the behavior of the elastoplastic work-hardening aluminum matrix that has been characterized in Table 2 , the uniaxial stress response of the (unreinforced) material to a cyclic loading is shown in Figure 4 (a). The thermomechanical coupling coefficient δ that is given by Equation (22) is: δ = 0.027. Therefore it is instructive to exhibit the induced temperature deviation during this cyclic loading in two different cases. To this end, Figure 4(b) shows the induced temperature when in Equation (7) ζ = 1 and ζ = 0. In the first case full TMC is taken into account, while in the second case the heat generated by the rate of plastic workẆ I is neglected while retaining the coupling caused by the term 3 T Kαθ in this equation (which is accounted for by the coupling coefficient δ). Figure 4 (b) clearly shows that the heat generated by the rate of plastic work is predominant. Except in Figure 4 (b), ζ is taken in all cases to be equal to 1. The effect of TMC on the stress-strain response is negligibly small. Indeed, under a uniaxial stress loading at a strain of = 3%, the resulting inelastic and thermal strains are given by 0.019 and 0.56 × 10 −4 , respectively.
Let us consider presently a composite in which the aluminum matrix is reinforced by SMA fibers that are oriented in the 1-direction. Figures 5 and 6 show the average uniaxial stress responseσ 11 to a cyclic loading of the composite in the axial direction and the resulting induced global temperature deviations T at two reference temperatures:
T 0 = 253.15 K and 285.15 K.
Although the curves in these figures appear to be quite similar, some differences can be detected which shows the effects of the SMA behavior at these two different reference temperatures. A comparison of these figures with the response of the unreinforced aluminum (that has been exhibited in Figure  4 ) provides further indications about the influence of the SMA fibers. The unreinforced aluminum is Figure 5 (a) and 6(a) shows that due to the existence of the SMA fibers, the linear hardening behavior is lost. Here too, just like the unreinforced aluminum, the effect of the TMC on the global stress-strain response of the SMA/aluminum composite is negligible. It is interesting that the maximum induced temperature by the TMC in the unreinforced aluminum is greater than that obtained in the SMA/aluminum composite. This observation can be explained by the fact that the maximum temperature generated in the monolithic SMA is about 12 K (see Figure 2 (b) and 3(b)), while in the monolithic aluminum it is about 23 K (see Figure 4(b) ). The reinforcement by SMA fibers results in a decrease of the dominant effect of the aluminum which decreases the global temperature that is generated in the composite by the TMC.
The Young's moduli of the SMA fibers and the aluminum matrix are quite close to each other (70M Pa and 72.4M Pa, respectively). Consequently the response of the SMA/aluminum in the transverse 2-direction is quite similar to its response in the axial direction (shown in Figures 5 and 6 ). A further investigation of the induced temperature due to the two-way TMC can be performed by subjecting the SMA/aluminum composite to 5 cycles of uniaxial stress loading-unloading in the fibers direction at a reference temperature T 0 = 253.15 K. The resulting average axial stress response of the composite and the induced average temperature deviation are shown in Figure 7 . The corresponding response to 5 cyclic loadings of the unreinforced aluminum matrix is quite similar (but with higher amplitude) to the composite response that is exhibited in Figure 7 (a) and is not shown. The induced temperature of the unreinforced aluminum, on the other hand, is shown in Figure 7 (b). Figure 7 (b) reveals, as expected, the effect of TMC caused by the inelastic effects that appear in Equation (5) for the SMA fibers and Equation (7) for the aluminum. The latter effect appears to be predominant.
As a final illustration of the TMC effects in SMA/aluminum, we consider a cyclic transverse shear loading of the SMA/aluminum composite. Here average transverse shear stress-strain responsesσ 23 −¯ 23 of the composite at two reference temperatures:
T 0 = 253.15 K and 285.15 K are shown in Figure 8 . In addition, the resulting induced global temperature deviations T due to the TMC effects are also compared. Here too, the induced temperature is generated mainly by the rate of plastic work of the aluminum matrix. It should be noted that under a pure shear loading, the TMCs which cause the generation of temperatures in the monolithic SMA and the unreinforced aluminum are due to the first terms that represent the inelastic effects in the right side of Equation (5) and (7). The second term 3 T Kαθ in both equations vanishes in this case.
4.3. SMA/epoxy composite. Consider the epoxy matrix whose material parameters are given in Table 3 . Its thermomechanical coupling coefficient is quite small: δ = 0.016. Consequently, due to the absence of inelastic effects in this polymer, it is expected that the effect of TMC will be weak and the induced temperature deviation will not be significant. In Figure 9 , the uniaxial response to a cyclic loading in the Also shown are the resulting average temperatures that are generated due to the TMC effect. The figure shows that quite different stress-strain behaviors are obtained by loading-unloading of the composite at the two reference temperatures, but the induced temperatures are very similar. The Young's moduli of the SMA fiber and epoxy matrix are quite different (70G Pa and 3.45G Pa, respectively). Thus the uniaxial responses of the composite to loading in the axial direction (that is, parallel to the fibers) and transverse direction (that is, perpendicular to the fibers) should be quite different. This difference can be observed by comparing Figure 9 with Figure 10 which exhibits the transverse response of the SMA/epoxy composite at the same reference temperatures. A careful check of the temperatures that are generated by a uniaxial stress loading-unloading of the pure SMA, Figures 2(b) and 3(b) , reveal that there is asymmetry that can be clearly observed at the final strain of = ±3% at which the temperature deviations T are not equal. The combined effects of the (asymmetric) temperature generated by loading-unloading cycle of the SMA fibers and the (symmetric) As a final illustration of the SMA/epoxy composite behavior, we present in Figure 11 the response of the composite to 5 cycles of uniaxial stress loading in the fibers direction at a reference temperature T 0 = 253.15 K.
Of particular interest is the uniform periodic temperature that is induced in the unreinforced epoxy caused by the TMC (in the absence of any irreversible effects). This is in contrast to the nonuniform and continuously increasing temperature in the monolithic SMA fiber that was shown in Figure 2 (e) which is caused by the irreversible effects in this material. As a result, the induced temperature T caused by the TMC effects in the SMA/epoxy composite exhibits an irregular pattern as shown in Figure 11(b) .
We conclude the paper by mentioning that by subjecting the SMA/epoxy composite to a transverse shear loading, the amount of the induced temperature is very small implying that the effect of TMC is negligibly small in this case.
Conclusions
A micromechanical model which can predict the behavior of multiphase inelastic composites with oneway TMC has been generalized to incorporate two-way TMC effects in the presence of SMA phases. The generalization results in coupled mechanical and energy equations in which the temperature is induced in the phases as a result of the application of far field mechanical loadings. Overall macroscopic thermoinelastic constitutive equations of composites with two-way TMC have been established. They represent the global behavior of the SMA fiber composite at every increment of loading. The results show that two-way TMC must be taken into account when dealing with SMA/metallic composites, and that it has a minor effect in SMA/polymeric composites. This is due to the inelastic effects that generate heat in the metallic phase in addition to the portion of heat obtained from the volumetric strain rate.
Damage effects were not taken into account in the present modeling of the monolithic SMA material or in the SMA composite. Considerations of such effects is a subject for future research.
The present micromechanical model can be employed to investigate the behavior of SMA composite structures with two-way TMC. In particular, the induced temperatures that are caused by bending, buckling, postbuckling and vibrations of a SMA composite structure can be determined by employing a micro-macro-structural analysis according to which the global constitutive equations that are obtained from the proposed model are applied at every point of the structure.
